Abstract River flow conditions in many watersheds of Iceland are particularly disturbed during winter by the formation, drifting and accumulation of river ice, whose impact on water encroachment and extent of inundations is not reflected in the discharge records. It is therefore necessary to use river discharge with great caution when assessing the magnitude of past inundations in Iceland, and to give attention to other flood magnitude parameters. A GIS-based methodology is presented that focuses on inundation extent as an alternative parameter for the assessment and ranking of the magnitude of past flooding events in the Ölfusá-Hvítá basin, known as one of the most dangerous flood-prone river complexes in Iceland. Relying ultimately on a macro-scale grid, the method enabled the reconstruction of the extent of inundations, the delineation of the flood plain, and, finally, some estimation of the likelihood of flooding of exposed areas that include marine submergences and river floods for both open water and ice conditions.
INTRODUCTION
Floods, defined as a rise in the water level of a stream to a peak from which the water level recedes at a slower rate (WMO, 1993) , have been put at the core of the compulsory mapping of areas liable to flooding enacted by the European Directive on the Assessment and Management of Flood Risks (European Parliament & European Council, 2007) .
Inundation hazard maps refer in the Directive to flood probabilities which fundamentally derive from return periods of annual river discharge maxima (Gumbel, 1958; Todorovic & Zelenhasic, 1970; Haan, 1977; Castillo, 1988) , or peak-over-threshold series (Davison & Smith, 1990; Haan, 1994) . Thus, river discharge is considered in the Directive as a suitable parameter for defining the probabilities of inundations, and is assumed to reflect correctly the magnitude of flooding events.
This assumption is not self-evident, although it appears natural at first sight. Indeed, floods and inundations do not refer to the same reality: by definition, discharge is a magnitude parameter referring to streams, while inundations characterize exposure of areas to flooding, regardless of water provenance. Irrespective of the chosen probability distribution, a methodology based on river discharge is unlikely to combine inundations related to river floods, marine submergences, and potentially pluvial inundations. Therefore it can hardly reflect the real susceptibility to flooding of areas exposed to polygenic inundations. More significantly, the correlation between river discharge and inundation extent is not always verified for river floods, especially in Arctic and sub-Arctic basins where frazil ice and ice jams often interact with flow conditions (Beltaos, 1995; Prowse, 1995; Beltaos & Prowse, 2001 ). On the one hand, a significant amount of the water diverted from rivers because of ice jams may not return to channels, depending on the morphology of the drainage system, and consequently not appear in discharge records downriver; considering all possibilities, an ice jam-induced flood cannot be identified without reference to parameters such as extent when the related river discharge does not exceed the defined threshold for open-water conditions at the reference gauging site. On the other hand, backwaters and side-waters induced by ice jams lead to flooding in areas which at the same discharge would not be flooded under open-water conditions. Therefore, in this study, we not only question the relevance of identifying inundations related to river floods in terms of discharge, but also investigate the possibility of assessing the extent and the boundaries of flooding on that basis.
The breakthroughs in remote sensing provided by the ESA with Envisat satellite have allowed some rapid mapping on a global scale of recent floods in Europe and China (Henry et al., 2003; Yesou et al., 2007a,b) . This is promising for the assessment of future flooding events independently from dischargebased methodologies, but does not help in assessing the magnitude of past inundations. If the use of historical data has been proven helpful to enrich time series on floods (Archer, 1999; Williams & Archer, 2002; Archer et al., 2007) , no attempts have been made so far to integrate contextual information in a methodology, especially references on the toponymy (place names), as a tool for assessing the extent and boundaries of past events. Toponymy is thought an important indicator of landscapes and landscape changes (Sigmundsson, 1990; Gunnarsdóttir, 2001; Sousa & Garcia-Murillo, 2001; Bragadóttir & Gísladóttir, 2006) .
Based on a GIS study of an Icelandic watershed, in which we integrated remote sensing data and toponymic references, we aim to show that, as a parameter for assessing the magnitude and return period of past inundations, extent is not only accessible but occasionally more reliable than discharge, which we consider a stumbling block in "flood" assessment. Unlike discharge, the spatial grip is a common parameter of magnitude for all types of inundations that best reflects the true susceptibility to flooding of settlement areas and territories.
STUDY AREA
The Ölfusá-Hvítá basin is an Icelandic watershed spreading from the Langjökull and Hofsjökull highland ice-caps down to the Atlantic Ocean (Fig. 1) . It drains an area of 6190 km 2 , whose orogenic and hydrological configuration is mainly influenced by the rifting of the Eurasian and American tectonic plates (Sigmundsson, 2006; Thordarson & Höskuldsson, 2008) . Fissural and central volcanoes related to this rifting form a NE-SW natural barrier that ensures an important orographic forcing on oceanic air mass circulation above Iceland . Mean annual precipitation above the basin is thus important, ranging from 1350 mm by the Atlantic coast up to 3800 mm above the two ice caps , and forms a significant seasonal snowpack in the highlands. The study area, which covers roughly 800 km 2 , embraces the lower reaches of the Ölfusá basin along with neighbouring wetlands from adjacent basins where those reaches occasionally drain out (Fig. 2) . This area concentrates most of the South Iceland urban areas and population, and can be therefore considered as a risk management district regarding floods.
Post-glacial volcanic activity of the Veiðivötn fissure swarm has refined the longitudinal profiles of glacial rivers in most of the study area ( Fig. 1) : fed locally by springs and direct runoff, the River Hvítá, re-named Ölfusá from the confluence with the River Sog, has been separated 8700 years ago from the River Þjórsá, following the flow of the Þjórsárhraun, the world's largest Holocene lava field (Hjartarson, 1994) . The Pahoehoe lava field covers more than 53% of the study area. Still emerging at some locations as rugged and sinuous outcrops, it is mostly a rather flat and smooth interface of wetlands, partially altered into suitable terrains for pasture and agriculture due to the 300 km of channels and ditches that have been dug throughout the 19th and 20th centuries (Thorsteinsson, 1975) . This peculiar topography appears to be a predisposing factor for large plain inundations, as suggested by an official manuscript from 1825 which describes how the Þjórsá and Hvítá glacial rivers managed to merge together in the Skeið before draining out onto the lava field which composes most of the lowlands of the Ölfusá basin (Fig. 2) . Everything is described in the name of the area: the term Skeið is an Old Icelandic toponym that exactly means flood plain.
Measurements in water wells drilled in the Þjórsá lava field by the coast indicate a local subsidence of 2.5 mm/year for the last 8000 years (Jónsson, 1994) . This suggests an average subsidence of 50 cm on a 200-year scale in the coastal area, which may have impacted on the magnitude of flooding events. Results from GPS campaigns in 1993 and 1994 indicate that this same area is now rising at a rate of 2-3 mm/year as a result of the ongoing deglaciation of Iceland (Árnadóttir et al., 2009) .
Located in the town of Selfoss, the reference gauging station (V64) is an automatic water-level recorder operating continuously since 1950, which covers 92% of the drainage basin (Fig. 2, Table 1 ). The rating curve gives 383 m 3 /s as the mean discharge until 1997 (Jónsson et al., 1999) , and a mean of annual discharge maxima reaching 1300 m 3 /s. Fifteen floods from 1900 to 2006 would be acknowledged using this mean of yearly maximum floods, including unmonitored floods from 1930 and 1948 whose discharge was estimated from water marks on the Selfoss bridge, as well as the step-burst flood in February 1968, assumed to have reached a discharge of 2260 m 3 /s, the highest ever recorded in the basin. This estimation is uncertain Previous studies on flood hazard in the Ölfusá basin suggest that diversion and loss of water upriver from Selfoss was effective during the 19th and 20th centuries for several floods because of ice jams at some sections of the Ölfusá River bed (Thorodssen, 1917; Thordarson, 1970; Rist, 1983; Imsland, 2005) . Meanwhile, there is some historical evidence on the basin of several jökulhlaup, or glacial outbursts, from proglacial Lake Hagavatn, at the outlet of the Langjökull ice cap (Thorarinsson, 1939) . However, the extent and boundaries of inundations related to known river floods in the Ölfusá-Hvítá basin prior to 2006 have never been assessed, and it is reasonable to suspect that gauged or estimated discharge records from the reference gauging station may not reflect accurately their spatial grip on territories.
The period selected for the research starts with the flood in 1825 and ends with the flood of Fig. 2 Overview of the study area. Wetlands dominate and cover most of the Holocene lava field (Fig. 1) ; the regulated grid that aimed at reconstructing the extent of inundations covers the whole area with the exception of the Hestfjall and Vörðufell mountains. 22 December 2006, which has been assessed with high precision by the Icelandic Hydrological Service .
METHODOLOGY
The method developed for assessing the magnitude of past inundations in the Ölfusá basin is a geographic approach based on the integration and combination of monitored, contextual and image data, which aims to: emancipate from discharge records; take full advantage of the place names appearing in the contextual information about floods, and combine it with collected field and remote sensing material to produce georeferenced data; and, finally, compute in a comparable way the boundaries and extent of all substantiated events, which could not be possible by using only GPS measurements and photo-interpretation. Elevation data and orthophotographs produced by Samsýn ehf for the Hydrological Service and the National Power Company (Table 2 ) were used to support the photo-interpretation of inundations that are observable in the ground/aerial pictures and in the footage from the TV networks. The use of place names was necessary and often crucial to provide a continuous mapping of the flooding boundaries. First, they are the unique source of information for placing inundations prior to 1930. Twenty-eight toponyms are mentioned for instance in the sheriff's manuscript reporting the inundation in 1825, including estates and smallholdings, buildings and brooks. Secondly, the place names reflect landscapes in the study area that are too small to be consistently reflected in the available digital elevation models. Iceland is indeed a country of detailed toponymy: outcrops in the lava fields, ponds, brooks, hills or slopes, estates and smallholdings, have been given a proper name, if not many, from the very first years of settlement. Eiríksson (2008) has reported no less than 1919 place names in the former Skeið district, i.e. one toponym every 230 Â 230 m 2 of land. Finally, the place names mentioned in newspapers and diaries reflect historical conditions in the topography that are not accessible in the existing DEMs because of the changes induced by erosion, anthropogenic pressure, and by the switch from subsidence to isostatic rebound.
Flood census, seasonality and triggers
Contextual information on flooded areas from 1825 to 2006 was collected from residents, newspapers and other media, which together provided continuous information from 1848 (Fig. 3) . Dates found for flooding events were compared with available data from the Hydrological Service and the Icelandic Meteorological Office: daily data on river discharge, daily data on precipitation and temperature, and monthly data on snow cover and soil freezing. Discharge records came from the gauging station in Selfoss (Fig. 2) , while meteorological data were collected from three stations assumed to reflect correctly the meteorological conditions for the basin, from the highlands to the Atlantic Ocean: Hveravellir, Haell and Eyrarbakki, which stands at the outfall of the basin ( Fig. 1; Table 3 ). A time buffer was applied to enlarge the spectrum of analysis and embed antecedent hydrometeorological conditions, ranging from two months for winter river floods down to several days for marine submergences. Substantiated inundations were eventually classified according to seasonality and triggering factors, adapting to the scope of the research the frame given by the one-level typology of river floods developed for Iceland by Rist (1983) . Since many substantiated flooding events in the study area have been potentially a compound of river flooding, pluvial inundation and marine submergence, each polygenic event was classified according to its main component.
Identification of ice-jamming sites and flooding path
In contrast to the research on the mechanics, dynamics and extent of ice jams (Beltaos, 1995; Prowse, 1995; Snorrason et al., 2000; Beltaos & Prowse, 2001; Lupachev, 2001; Turutin & Matyushenko, 2001) , the purpose of ice-jam identification for this investigation was primarily to make a census of sites where ice jams and ice dams were effectively involved in backwaters and water encroachment during flooding events, and to establish the relationship between ice jamming and the extent of substantiated inundations related to river floods. Considering the main perspective of the work and its scale, it was therefore decided to georeference icejamming sites as site, point features, irrespective of the many forms and extent of river ice found in Iceland (Gröndal, 2003) . Reference points for sites where ice formations cover long river sections were assumed to reflect their boundary upriver, which form the basis of water encroachment. Unlike Korytny & Kichigina (2006) , river ice formations such as frazil ice and breakup jams were mapped with a uniform symbol. A colour graduation was applied to the ice-jam symbols to reflect the recurring impact of ice jamming on inundations. Following Imsland (2005), lines and arrows were chosen to map the flow directions, irrespective of the path width.
Flooding boundaries and computation of extent
The material appropriate for photo-interpretation was analysed to edit flooding boundaries, using orthophotographs from 2005 and the contour lines extracted from the digital elevation models. A regulated 250 Â 250 m grid (Fig. 2) was then developed to take full advantage of the toponymic references mentioned in newspapers and dwellers' diaries. Considered as surface units, the grid squares were attributed for each substantiated inundation following a binary approach: "0" for squares considered as not flooded, "1" for squares identified as flooded. For the areas covered by the photo-interpretation, the squares whose centroid is within the edited flooding boundaries were considered flooded. For the areas where the place names are the better or unique available reference, a manual selection of squares was done. In such circumstances, the place names replaced the water-level observations. The squares whose centroids are contained by lakes, coastal waters and surface river bodies were excluded from the computation process. Finally, the inundations that could not be mapped continuously with the combined use of photo-interpretation and place names were compared with inundations of a similar genesis, i.e. those related to river floods of similar discharge in open-water conditions on the one hand, or those generated by ice jams involving the same jamming sites and the same flow paths, on the other. When it seemed relevant, they were attributed by analogy the same boundaries in the areas of missing information.
Computation of extent, floodplain and inundation likelihood
The vertical sum of attributes (Table 4 ) gave the number of grid squares flooded for each flooding event, which was then converted into km 2 . The extent of the flood plain was given by computing the sum of the grid squares flooded at least once (Table 4) . Computing the sum of flooding events per grid square for the defined time line and dividing that duration by the number of events, excepting zero values, gave an empirical return period of inundations for each surface unit.
RESULTS

Flooding census, seasonality and triggers
Investigation of historical data has provided substantiation of 54 flooding events between 1825 and 2006, nine of which were related to marine submergences and 45 to river floods (Fig. 4) , of which 41 from the Ölfusá-Hvítá complex represent more than three times the number of events identified according to discharge thresholds. Of the inundations related to river floods, identified from analysis of historical data, 41% occurred after 1950 and the beginning of river monitoring in the study area. They represent 46% of river floods having a gauged discharge in Selfoss. Floods with lower peak discharges occurred essentially downriver from the city, the smallest peak representing only 1.2 times the mean discharge of the Ölfusá at the reference gauging site. Most events have been winter polygenic inundations, often characterized by the near synchronicity f precipitation, mild temperature, flood peak and inundation start.
Ice jamming sites and flooding path
Distributed over eighteen sites, thermal and mechanical ice jams were proven to be involved in roughly 40% of inundations related to river floods. With the exception of estuary areas, the identified sites are shallow and constricted sections favourable to accumulation and ridging of drifting river ice following significant precipitation and melting. Some water diverted from the Hvítá/Ölfusá complex because of ice jams occurring between Mt Hestfjall and the confluence with the River Sog was proven to be lost on many occasions, spreading over Sorti and merging during major events with water draining out from the Skeið area through the Merkurlaut outlet, eventually flowing south to the Atlantic Ocean (Fig. 5) . Water diversion has also been effective from the River Þjórsá, flowing not only as side waters from the lower reaches of the river, but also west through the Skeið into the River Hvítá. This occurred on at least two occasions.
In the areas where the Þjórsá lava field shows on the surface, the overflowing waters are channelized through sinuous paths in the lava. Though the paths are obvious in the topography, they are not consistently reflected in the available digital elevation models. Emerging from these paths, the waters fill ditches and brooks to form a shallow but large sheet spreading over the wetlands and pastures in the Sorti and Flói areas (Fig. 5) . In the confluence areas, where sediments are significant and the soils thicker, the overflowing waters are barely channelized. In such areas, there are some thalwegs, obvious on the orthophotographs but hardly discernable from the ground, as they have been progressively filled in with volcanic sands and sediments. With the exception of the Merkurlaut outlet (Fig. 5) , which can be active in both open water and ice-jam conditions, the activation of the paths depends essentially on the location of the jams. 
Flood plain, magnitude ranking and likelihood of flooding
The extent of the flood plain was estimated at 397 km 2 , i.e. 55% of the lowlands within the study area (Fig. 5) . The extent of inundations attributable specifically to ice jams was estimated at 259 km 2 , i.e. 65% of the flood plain. Only two of the 27 gauged river floods from the Ölfusá-Hvítá complex kept their rank according to extent, while four attained a higher position (Table 5) . Three gauged floods disappeared from the top ten, replaced by floods that occurred before 1950. Not surprisingly, the most flooded areas are flat banks at the confluence between rivers and low areas in the estuary, such as Forir, under the combined influence of the Atlantic Ocean and fresh water, with a return period of less than 5 years (Fig. 5 ).
DISCUSSION
Reliability of data sources
Only 13% of all substantiated events from 1825 to 2006 occurred before 1900, a period representing about 40% of the whole time series. Rather than there having been a significant evolution of climate in Iceland during the past two centuries, this suggests that a great number of inundations were left unreported -possibly as many as 25 events if one extrapolates the results from 1900.
The scarcity of data is also of concern in assessing the extent and boundaries of several substantiated events. The place names mentioned in the newspapers and dwellers' diaries are the only available references for assessing inundations prior to 1930 (Fig. 3) ; however, like other communication media, the newspapers mainly focus on the spectacular aspects of events and everyday life. Regarding inundations, they refer more to the impact of events at local sites, i.e. destruction and disruptions, than to their overall magnitude, which characterizes the hazard itself. That was certainly the case for the step-burst flood in 1968, when the public TV network and the newspapers focused on the specific situation in the city of Selfoss and neglected other flooded areas. Although the toponymic references in the newspapers and dwellers' diaries are accurate enough, there may still be large gaps to close between the place names when the focus of the newspapers is not well balanced between all the areas. Comparing inundations of the same genesis is therefore necessary to complete the mapping process. 
Seasonality and triggers
The results on seasonality and triggers confirm the conclusions of earlier studies on river floods in Iceland by Rist (1983) and Snorrason et al. (2000) : in the study area, river floods generating inundations have mainly been polygenic winter events related to Atlantic depressions crossing the country. They are characterized by strong winds, intense precipitation and mild temperatures, typically between 7 and 8.5 C along the coast, and involve important snow melting and thawing of ice. Impervious frozen soils increase surface runoff and reduce considerably the times of concentration, explaining the rapid onset of floods, but also the seasonality of inundations, which occur mainly during the winter, with higher discharge peaks but less runoff than in spring. However, the one-level flood typology of Rist (1983) fails to reflect consistently the chain of causality leading to river floods. There is no example from the period and area considered of ice jams and step-burst floods from the Hvítá-Ölfusá complex having generated inundations independently of precipitation and snow melting. We therefore consider that river floods involving ice jams and step-burst sequences should not be considered as a flood type of the same level as river floods related to precipitation and/or melting, but as a non-exclusive sub-type belonging to their own category. The typology of Rist not only lacks expansion but also mixes triggers and the nature of floods, placing, for instance, glacial outbursts and river floods induced by precipitation at the same level. However, outbursts from the proglacial Lake Hagavatn refer to complex phenomena, from dam overflowing to dam breaching, which involve many possible triggers (Thorarinsson, 1939) and afford many levels of analysis. As suggested by the meteorological records, precipitation could be considered as a possible trigger for the glacial outburst in 1929. If this hypothesis is confirmed, this flood should be rated as a glacial outburst, due, among other triggers, to precipitation and geological failure.
Additionally, it is important to remember that many substantiated flooding events in the study area are truly polygenic, being in reality a compound of river flood, pluvial inundation and marine submergence. The proposed typology of flooding events according to seasonality and triggers (Fig. 4) is a simplified and provisional classification which does not reflect the true polygenism of inundations in the Ölfusá-Hvítá basin. Thus the development of a more comprehensive typology of inundations clearly separated from flood classification is needed.
Flood plain and extent of inundations
Spatial presentation of the available information over the regulated grid allowed the extent of most of the substantiated inundations to be computed and mapped. It also provided the first representation of the flood plain in the study area, and added to the existing knowledge given by Imsland (2005) on flooding paths. The results indicate the existence of a gap between river discharge and extent of inundation in the context of water encroachment generated by ice jams: the boundaries and extent of inundations generated by ice jams depend essentially on the location of the jams, irrespective of the discharge. Relying on discharge leads to a clear underestimation of the extent of inundations in 60% of cases analysed (Fig. 6) ; in one case, the extent appears to have been overestimated. This corresponds to the flood in 1968, when a break-up jam formed several metres downstream of the reference gauging site and triggered a backwater which induced an extra water stage, thus skewing the computation of the discharge. In the meantime, an important inflection of the extent of inundations can be seen for open water conditions at a discharge threshold close to 1700 m 3 /s (Fig. 6) . This corresponds to a specific scenario when water flowing from the Hvítá on to the Skeið overtops its boundary by the Merkurlaut outlet and spreads eventually over Flói (Fig. 5) .
However, the reconstruction of the extent of inundations should take into account the limitations inherent in the grid methodology: the grid resolution is certainly not high enough to reflect situations in narrow valleys, or paths where flow is concentrated. It is nevertheless convenient for covering large areas where sheet wash is the rule and it can be considered suitable at the scale of the present analysis, which is primarily aimed at providing macro-scale results.
Susceptibility to inundation
The likelihood of flooding devised for the study area refers to return periods of inundation aggregated spatially (Fig. 5) : each piece of land is characterized by a susceptibility to flooding which refers to a spatial range of inundations independent of stream values. It differs conceptually from the flood probabilities mentioned in the European Directive on the Assessment and Management of Flood Risks (European Parliament & European Council, 2007) , which refers exclusively to return periods of river discharge maxima or exceeding thresholds.
Building a methodology based on the spatial aggregation of inundations emanates from a fundamental translation of key concepts in which extent and boundaries replace discharge in the calculation of return periods. Such an approach presents decisive advantages in flood mapping and flood-risk analysis, comprising the inclusion of events that are not in the time line of continuous discharge data, on the one hand, and of events whose extent and boundaries are not consistently reflected in the discharge at the gauging sites, on the other. The results provide a better insight into the hydrological history than shown in a probabilistic approach based on discharge.
Perspectives
The Icelandic Hydrological Service has now acquired a digital elevation model with a relative elevation accuracy of 0.1 metre, which covers 23% of the study area. Aimed at overflow simulation for open water condition ns, the DEM will provide an excellent basis for simulating water encroachment caused by ice jams at the substantiated locations. It should bring information on water depth and flow velocity, which reveals a lot of the real danger that inundations may represent, in contrast to the present investigations into extent, which, at that level, remain blind to the quantification of danger. The changes in the topography caused by erosion processes, anthropogenic pressure and glacial rebound are of course challenging for the model assessment of the extent and boundaries of flooding events, both past and in the future. However, the photo-interpretation suggests a relative stability of the topography in the study area over the past 40 years. For instance, the pictures showing the ice jam inundations in 1968 and 1983 show the same jam location and similar flooding boundaries downriver from Selfoss for both events. The model may therefore be helpful for the reconstruction of some recent inundations that are documented with pictures and footage.
CONCLUSION
This investigation focused on the extent of inundations in the Ölfusá-Hvítá basin. The approach used has been proven to enrich time series of inundations of historical and contemporaneous events obtained by discharge monitoring. The limitation of working only with annual discharge maxima and discharge thresholds limitations is thus overcome. The results clearly indicate that the boundaries and extent of inundations involving ice jams depend essentially on the location of the jams, irrespective of the discharge. Using discharge scenarios for mapping flood hazard is therefore ineffective for assessing the magnitude of flooding events and the exposure of territories to flooding in the Ölfusá lower basin. Calculating the extent of inundations independently from stream values eventually provided, in contrast to conventional methodologies, a sound basis for defining a synthetic likelihood of flooding for exposed areas based on the number of events and their return period aggregated spatially, which includes theoretically all types of inundations.
Being designed to deal with the specific situation in the Ölfusá basin, the technique developed may be difficult to generalise. Nevertheless, the approach itself and the underlying concepts should be of interest, irrespective of the technical aspects, in regions where discharge records fail to reflect consistently the magnitude of inundations.
